INTHE MOST COMMON INDICATOR ofhumanvisualacuity, the Snellen fraction, a standard and an observed threshold are multiplied by the standard test distance (20 ft or 6 m) and used as the numerator and denominator, respectively. Thresholds for pattern detection may be expressed as the minimum angle of resolution (MAR), as usually done to determine the Snellen fraction, or as the fundamental spatial frequency (FSF) of the justdetectable pattern. For repeating patterns such as the light and dark bars of a grating, MAR and FSF provide equivalent threshold measures (25) . The FSF is usually measured in cycles per degree (cycles/deg).
The MAR is the arc tangent of the size of the pattern element divided by the distance of the pattern from the eye. Consideration of geometry provides an insight into its importance in determining the visually guided behavior of organisms. The MAR determines the maximum distance at which an object of a fixed size can be seen or alternatively the minimum-sized object that can be seen at a fixed distance.
Visual thresholds have been extensively studied in humans (25) . The thresholds of primates (7, 9) and cats (5, 11, 13, 24) have been extensively investigated both because of an interest in comparative visual function and because of the prominent role these species play as models of normal and abnormal human visual function.
Canine acuity has been largely ignored, however, despite several uniquely interesting species characteristics. Many breeds of dogs have been established for special purposes in which vision has varying importance, e.g., "sight" hounds and "scent" hounds (10) . Some dogs have congenital eye diseases that serve as models of human dysfunction (12) . Between breeds there is great variation in both eye size and body size (3); and given a frontal position of the eyes, one would expect binocular vision (28) Although canine acuity has been stated to be 10 times better than human (lo), objective estimates of thresholds in dogs indicate larger MAR (or lower FSF) than in primates. Thresholds of a medium-sized, mixed-breed dog varied from 3.96 to 6 .21 cycles/deg as illumination varied from 0.1 to 37 lx when assessed behaviorally (21); those of two beagles averaged 4.62 cycles/deg based on extrapolation of the log amplitude of the visually evoked cortical potential (VECP) as a function of the log spatial frequency (6) .
A continuing issue of theoretical importance in the study of vision is whether visual acuity is primarily limited by 1) the eye's optics, 2) retinal neural processing, or 3) central neural processing. Use of behavioral and/or VECP measures alone cannot differentiate among these possibilities. Recent experiments indicate that the pattern-evoked retinal response (PERR) is dependent on retinal ganglion cells (20) . Because ganglion cells are the final stage of visual processing in the retina, a comparison of acuities estimated from VECP and PERR would indicate the relative contribution of postretinal neural processing in the determination of acuity.
The experiment reported below has two purposes. The first is to investigate further canine visual threshold, the second is to determine the extent to which canine visual acuity is primarily limited by optical and neural properties of the eye or is dependent on central neural processing. This is the first report of the relationship of recording the canine retinal and cortical responses elicited by pattern. a and respi red to maintain end-tidal CO2 nesthesia was discontinued after administration of the Pavulon, because pilot work indicated that cortical signals were unrecordable from the scalp under general anesthesia. The relaxed animal lay on a temperature-controlled water mattress. The recording procedures were noninvasive, being comparable to those used with normal human subjects; there was no evidence of distress on waking or repeated testing; i.e., the dogs continued to act in a friendly relaxed manner, showing no avoidance of the experimenters. Heart rate was monitored during some sessions; abnormally high rates indicative of distress were not observed.
A contact lens electrode similar to that used with human clinical patients was placed on the right eye, and the left eye was occluded. To maintain good optical imagery, a 3.5-mm artificial pupil was placed on the contact lens and the animals were corrected for distance and refractive error using streak retinoscopy.
The active electrode for recording PERR was a platinum wire embedded in the contact lens. The reference was a Beckman Ag-AgCl electrode placed on the bony ridge beneath the eyes. The VECP active electrode was placed on the midline halfway between the interaural plane and the occiput. The VECP reference was on the tip of the right pinna, and the ground electrode for both was placed on the left pinna. Bipolar signals were amplified lo5 times. The electronic signal to shift patterns triggered the acquisition of data samples of one cycle (two shifts) of stimulation which were summed using a Nicolet MED-80. The number of samples was 1,000 for 8 Hz-and 500 for 3 Hz-stimulus shift rates. The amplified, filtered analog signals with -3 dB points at 0.2-250 Hz were recorded on FM tape. Subsequently, the data were reacquired from tape using samples of two-cycles duration (4 shifts), the summated sample sizes being 400 for 8 Hz-stimuli and 200 for 3 Hz-stimuli. The use of longer samples permitted the use of a discrete fast Fourier algorithm (FFT) to calculate absolute power spectral density without violating the assumptions of the technique. Power at the even harmonics of the stimulation frequency was summed (16, 32, and 48 Hz for 8 Hz; 6, 12, and 18 Hz for 3 Hz) and used as the response measure. Summed power of a response was expressed as a percent of the largest summed power of the respon se (or largest mean response) elicited by a pattern in that experimental session. The shape of the function resulting from use of percent power or percent amplitude is comparable in the spatial frequency range used (23) . Threshold was determined using least-squares regression. Use of percent rather than absolute power does not affect the threshold and makes visual comparison of PERR and VECP easier (23) . The scaling of independent and dependent variables was determined by preliminary analysis of the data. For a set of data, regression analyses were performed using three combinations of scales: 1) linear percent responselinear spatial frequency, 2) linear percent response-log spatia 1 frequency, and 3) log percent response-log spatial frequency. In general, the highest correlation (mean r = 0.91, P < 0.05) between stimulus and response occurred with linear percent response and log spatial frequency; the acuity estimates obtained using this scale were intermediate between full linear scales (low estimate) and full log scales (high estimate). The scales used are the same as those frequently employed in assessing the VECP acuity (5, 11, 22) . Consistent with these earlier reports, acuity was defined as the intercept of the regression line with zero response magnitude.
Estimation of canine visual threshold was by extrapolation to zero response of the relative response as a function of log spatial frequency of suprathreshold patterns. Extrapolation to determine cortical or retinal thresholds assumes that the extrapolated value obtained will be the same as that which might be obtained if one were to determine thresholds either behaviorally and/or using single -cell recording techniques. The ba sis of this assumption is straightforw pard. A pattern th .at cannot be responded to by any single cells should elicit neither a VEP nor a behavioral response. A number of investigations using cats and humans (5, 11, 13, 22) indicate that extrapolation of response magnitude as a function of log spatial frequency yields estimates of threshold similar to those obtained behaviorally (11, 13, 22) or from analysis of single cells whose receptive field lie in the area centralis (17) . Therefore, the assumptions of this method of determining thresholds seems justified. The significant correlation (r = 0.91) obtained using the scales chosen in this study and the frequent use of the same scale by other investigators (5, 11, 13, 17, 22) lend further support for their use. Figure 1 presents the percent VECP power data and estimated threshold for the two dogs. The mean was 1.10 log cycles/deg with a standard deviation of 0.16 log cycles/deg [ 12. relative power of PERRs is measured as % of maximum response within a session. Symbols represent separate session. 0, dog tested at ~-HZ stimulation rate; R, dog tested at 8 Hz; I dog tested at 8 Hz; X, mixed-breed dog, FD, tested at 8 Hz; and M, FD tested at ~-HZ stimulation rate. Note symbols I, M', and X represent PERR collected simultaneously with VECP in Fig. 1 with same symbols. All data are shown; therefore no error estimates are given. Stimuli presented had fundamental spatial frequencies ranging from 1.78 to 7.38 cpd. Values at higher spatial frequencies along 0 response level represent extrapolated thresholds for session identified with same symbol. Extrapolated thresholds were calculated using least-squares regression of % power as a function of log cpd for each session. Mean threshold, solid circle, was 1.07 log cpd (11.61 cpd). To avoid confusion of by a number of independent regression lines, a single line was eye from mean threshold through data points.
RESULTS
1.065 log cycles/deg with a standard deviation of 0.02 log cycles/deg (11.61 cycles/deg; t SD 10.99-12.27). The difference between acuity determined by VECP and PERR was not statistically significant (t = 0.35, df = 6, P > 0.05).
DISCUSSION
The threshold of dogs estimated by PERR was 11.61 cycles/deg and VEP 12.59 cycles/deg. The attenuation of the PERR at high spatial frequencies has been attributed to the optical properties of the eye (4). More recently, the disappearance of PERR with optic nerve section (20) and the demonstration of low spatial frequency tuning in the human PERR (22) indicate a possible ganglion cell origin for the PERR in mammals. If the PERR originates in the ganglion cell layer, the high spatial frequency attenuation of the PERR reflects the properties of the retina's last cellular stage, the ganglion cells.
The absence of a statistically significant difference between estimates of threshold based on retinal and cortical responses is consistent with the hypothesis that visual threshold is primarily determined at the retina and postretinal neural processing has minimal limiting effect on visual threshold. A similar conclusion has been reached for primates (27) and domestic cats (17, 24) . The present data do not permit any conclusions regarding the relative contribution of canine optics and retinal neural processing to limiting visual acuity.
Relationship to previous estimates of canine acuity. The present estimate is higher than previous objective estimates of canine acuity. A comparison of Neuhaus and Regenfuss (21) is difficult because no indications of either the contrast or mean luminance of their patterns were presented; only measures of ambient illumination were given. Bromberg and Dawson's (6) estimate of 4.61 cycles/deg is based on an extrapolation to noise level rather than zero response. Also, the contrast of the stimuli was lower, 42%. Both factors would yield an estimate of threshold lower than our own.
Because of the extreme variability of the species, some caution must be exercised in extending the threshold estimates of 11.61 and 12.59 cycles/deg to all sizes of all breeds. The majority of the present sample were beagles, a scent hound (lo), and all were medium-sized dogs.
Nonetheless, within our sample, there is no consistent variation in the acuity of our dogs based on either breed or size. However, even in samples with greater variation, there is no consistent relationship in the number of ganglion cells or nerve fibers with body size or eye size in dogs (2) . One may hypothesize that the more densely packed ganglion cells in the smaller eyes of small dogs may be compensated for by a greater dioptric power of the smaller eye, so for all sizes of dogs the same number of ganglion cells subserve equal visual angles. Confirmation of this hypothesis must await more extensive anatomic population studies.
Relationship to acuity estimates of other species. In attempting to understand the bases of the visual acuity of the dog, a species whose visual anatomy and physiology have been seldom studied, there are advantages in considering species whose visual functions are better understood. The domestic cat, like the dog, is a nonfoveate carnivore. The primate is foveate and frequently arboreal.
The cortical estimate of canine acuity indicates visual resolution better than cats but poorer than primates. At low contrasts, feline acuity is approximately 2.5-2.8 cycles/deg (24) . At higher contrasts and luminance levels the most frequent estimates of feline acuity are 5-6 cycles/deg (5, 11). The most direct comparisons with our R640 ODOM, BROMBERG, AND DAWSON own study may be made with Berkeley and Watkins' (5) investigation of feline acuity. Using luminance levels, stimuli, and measures comparable with those of the present study, they estimated that feline VECP threshold was between 5 and 6 cycles/deg (11). This is about onehalf (1 octave below) the 12.59 cycles/deg estimate for dogs. Even the highest estimates of feline VECP threshold (9 cycles/deg) (13) barely fall within 1 SD of the 12.59 cycles/deg estimate of canine pattern threshold, but these feline estimates are generally at light levels much greater than used in the present study. The pattern threshold of primates is consistently more than 30 cycles/deg (7, 9, 30) .
Visual acuity is determined by an interaction of optical and neural factors determined by the anatomy and physiology of the organism. In principle, the organism cannot respond to a pattern that does not provide differential input to the receptors. The avail .able knowledge of canine ocular optics is insufficient to quantitatively estimate the image clarity of the canine eye (35) .
Ocular optics, especially refractive power and sagittal length of the eye, determine retinal magnification, the retinal area subtended by 1" (arc deg). Retinal magnification is related to threshold (16). The dog's retinal magnification has been estimated to be less than that of either cats or primates, apparently because the axial length of the canine eye is estimated to be shorter than the feline or primate eye (16). The source of the data on whit Nh the estimates were based is u nstated, however (16) . In general, mammalian eye le n&h increases linearly with the log of body weight ( 16). Assuming that the average cat weighs 4 kg and the average d .og 10 kg (estimates by N. M. Bromberg based on veterinary practice), the ratio of feline eye axial length to canine eye axial length would be 1:1.7 on the average. Until a careful study of the physiological optics of the canine eye is complete, however, the retinal magnification and mean axial length of the canine eye remain in question. The anatomic or physiological basis of the differences in acuity between dog and other species is difficult to determine, because the available information on canine retinal development (1)) receptor density distributions (18, 29) , and ganglion cell distributions (14, 19) are unadjusted for shrinkage or visual angle. When similar flat-mount procedures are used, however, the unadjusted central ganglion cell density is greater for dog (14, 19) than for cat (31) , an average of 7,000 vs. 6,000/mm2, which is consistent with better visual acuity in canines than felines.
Other candidates for analysis have been suggested and validated in other species, e.g., receptor density (24, 27, 34) and regional distribution of ganglion cells (27, 34) .
Although probably not as directly related to acuity as the above anatomic characteristics, the only anatomic aspects of the canine eye, feline eye, and primate eye on which there are equivalent measures are the total number of ganglion cells and the number of optic nerve fibers. (26, 33) , again consistent with canine acuity being intermediate between feline and primate acuity.
The relationship of visual acuity to retinal anatomy may be examined nonexperimentally by relating known anatomic characteristics of the eyes of several species to estimated visual acuities of the same species. Such comparisons should also provide a means for integrating dogs into a systematic framework. As indicated above, the only anatomic characteristics of the canine eye for which comparable anatomic data are available are total numbers of ganglion cells and optic nerve fibers. Despite the limitations of these data, therefore, two regression analyses were conducted relating log visual threshold to 1) log total number of ganglion cells or 2) log total number of optic nerve fibers. Comparable data to relate threshold to ganglion cell quantity are available for spider monkey, rhesus (7), human (30, 33) , cat (13,3l) , and dog (3) ( Regression analyses were performed relating thresholds (log cpd) to log total number of optic nerve fibers (upper panel) and to log total number of retinal ganglion cells (lowerpanel) . Species represented are human (H), rhesus(R), spider monkey (S), dog (D), and cat (C). Regression equations and correlation coefficients (r) are presented. Equations presented may be regarded as valid only for animal groups represented, carnivores and foveate primates. Greater data on-other species are needed to determine whether validity of these relationships extends to other groups of animals. despite the small number of species the correlation coefficient (r) is in both cases statistically significant (P < 0.05). The validity of the above equations may be limited, however, to foveate land animals (pricanine acuity is 1.3-2 times estimates reported for cats mates) and carnivores. Until representatives of other tested under comparable luminance and contrast condianimal groups, e.g., ungulates or aquatic mammals, are tions by only 0.2-0.4 times those reported for primates. included in the equation, it cannot properly be applied Several differences in retinal anatomy are consistent to those groups. For example, in the case of the only with these interspecies differences, namely, maximum aquatic mammal for which comparable data are available density of ganglion cells (uncorrected for visual angle), (Tursiops truncatus), the number of optic nerve fibers is total number of ganglion cells, and total number of optic about that of dog [l57,000 (S)] but the threshold is only nerve fibers. 2.5 cycles/deg (15) much poorer than would be estimated from our equation possibly resulting from small whales' specialized adaptation to the underestimate of their acuity aquatic environment or an th In summary, the present experiment determined the .reshold for pattern detec tion in a group of mediumsized dogs. Thresholds were determined by extrapolating VECP and PERR to zero response. Retinal and cortical thresholds, determined for VECP and PERR, respectively, were 12.59 and 11.61 cycles/deg. The difference between the two estimates was not statistically significant, suggesting that canine thresh01 .ds are primarily determined prior to the visual cortex. The estimate of
